State of the art lithography is continually driven to resolve increasingly smaller features, forcing k 1 values for lithography processes ever lower. In order to image these difficult features with reliable fidelity, lithographers must increasingly use Resolution Enhancement Techniques (RETs). One such technique that is proposed in this paper uses small, sub-wavelength grooves placed in close proximity to an aperture. These sub-wavelength grooves create evanescent fields bound to the surface between the absorber and the mask substrate, decaying exponentially in lateral directions. In this work we demonstrate the ability to use such Evanescent Wave Assist Features 1 (EWAFs) to enhance the propagating near and far field energy within openings such as slits and contacts. Using a Finite Difference Time Domain model, the effects of these evanescent wave assist features are explored in both the near and far field regions. Several cases of absorber material, feature type, spacing, and illumination will be presented.
INTRODUCTION
Evanescent is used to describe something "that quickly vanishes or passes away; having no permanence" 2 . These mysterious fields were first discovered by Sir Isaac Newton but were not widely understood until many years later. Recently, the novel application of evanescent waves to optical lithography has become a subject of interest 1 .
Mathematical Representation of the evanescent wave
Evanescent waves can be generated in a variety of ways, including Total Internal Reflection (TIR) 1, 3 . As a beam at TIR approaches an interface to a lower index medium, all of its energy must be reflected back. Due to boundary conditions of the interface, however, some part of the field must still be transmitted. An evanescent field is transmitted through this interface, and is confined to the material surface. Since, on average, the evanescent field carries no energy across the boundary, both conditions are satisfied 3 .
The mathematical form of the wave is described in equation (1) . The transmitted electric field, E 0t is modulated by an exponential. The phase of the wave varies as it propagates in the x direction (in this case), while its amplitude varies along the y direction, hence the term inhomogeneous. If another optically dense medium is brought within several wavelengths of the first, in the region where the evanescent field exists, the disturbance can be frustrated and coupled into the second medium. This phenomenon is used extensively in the field of fiber optics and photonics, such as in waveguide-towaveguide couplers 4 .
frustration of total internal reflection, the evanescent wave cannot be measured directly and therefore indirect methods must used. Leviatan et al., has demonstrated that sub-wavelength apertures with small displacements relative to each other can indeed generate evanescent fields and couple the inhomogeneous field back to propagating modes 5 . Researchers have also demonstrated the use of evanescent fields in enhancing transmission through apertures on a screen 6 . More precisely, they have suggested the direct interference of the evanescent modes generated by an array of sub-wavelength features and propagating modes traveling through an aperture as a mechanism for enhancement and inhibition of intensity at that aperture 6 . Although there are similarities between this Composite Diffracted Evanescent Wave (CDEW) and the surface wave generated by TIR, the CDEW has the additional character of decaying in the lateral directions by 1/x. 6 The CDEW can be supported in materials that are non-conductive, differentiating it from the effects caused by surface plasmon polaritons. The model for this enhancement can be seen in equation (2), where λ is the wavelength of light, α is the evanescent wave amplitude relative to the incident light amplitude, n eff is the effective refractive index the evanescent wave experiences, and P is the pitch of the sub-wavelength grooves.
The sub-wavelength grooves have been referred to as Evanescent Wave Assist Features, or EWAFs, since their primary purpose in the lithographic scope is to "assist" the aperture which they surround 1 . Previous work has demonstrated that these gratings, buried under the mask absorber, have the ability to enhance or inhibit the intensity at the center of a slit or contact.
EVANESCENT WAVE ENHANCEMENT EFFECT
Prior work with EWAFs has focused on near-field enhancement of intensity at an aperture 1 . Expanding on these ideas, the enhancement effect is investigated more thoroughly and propagated to the far field.
Analysis was performed on both the near-field effects (within several λ of the bottom of the mask), as well as in the far-field (in the object conjugate plane of a lithographic exposure system). Rigorous Finite Difference Time Domain (FDTD) software was used to perform all simulations 7 . An isotropic grid size of 5 nm was used for all simulations. Unless otherwise noted, analysis was performed for masks with uniform absorber materials. The refractive indices and approximate thicknesses of these materials are shown in Table 1 
Near-Field Enhancement
Evanescent wave assist features were first considered for the case of a 45nm trench at 1X (1-D) and a Cr absorber layer. For the initial experiments, trench pitch was kept constant at 215 nm 1X, while the number of assist features between trenches was varied from 0 to 5. TE polarized illumination was used. This effectively varies the EWAF pitch and proximity to trenches while holding the main feature pitch constant. A sample reticle layout can be seen in Figure 1 . For these simulations the EWAF depth was constrained to λ/2n glass , which in this case corresponds to approximately 62 nm. For simplicity, n glass will be represented by n throughout this paper. The near-field aerial images for 5 cases were compared across a cutline located in the center of the trench. The aerial images and cutline used to obtain them can be seen in Figure 1 . The aerial images show a best case improvement when there are two assist features evenly spaced between neighboring trenches. In this best case, there is a 17% increase in intensity relative to the unassisted case, and a 20% decrease in trench width at the 0.75 level 1 . The EWAF pitch associated with the N=2 case is 247 nm. These results show that the assist features influence the intensity at the center of a trench. While these simulations show enhancement at the center of the contact, far-field simulations will require a shifted output plane location in order to accurately use the output of the mask simulation as an input to far-field optical simulation. Following established best simulation practices, the output plane was moved λ/4 below the lowest absorber surface and λ/4 above the bottom limit of the simulation domain 8 .
A similar set of conditions was simulated in 2-D using TE illumination and multiple main feature duty ratios along with different numbers of assist features. In this scenario, a 45nm (1X) contact was flanked in X and Y dimensions with EWAFs as in Figure 2 . Assist geometries were restricted to Manhattan style layouts in order to simplify simulation, however several alternative EWAF layouts and CDEW generating structures have been proposed in literature 1, 6 . Duty ratios investigated varied from 1:1.5 through 1:5.7 l/s. Since the main feature pitch was varied, the simulation domain was modified to place the center of each contact in a corner of the domain. Figure 2 shows the arrayed simulation domains and reconstruction of the intended contact, flanked by EWAFs.
Each duty ratio was simulated over multiple numbers of EWAFs, ranging from 0, the reference condition, to 5 EWAFs, space permitting. Results of the analysis indicate that the best performance of the EWAFs is achieved when the main feature pitch is selected such that the EWAF pitch is λ/n. A main feature pitch of Constraining the width of the EWAF notches in glass to λ/2n, this leaves a 1:1 EWAF grating. This EWAF pitch agrees with grating pitch used in literature for surface wave generation in grating couplers 9 .
Multiple mask absorber materials were investigated, such as CrN, TaN, and Cr 2 O 3 . These materials are shown in an index scatter plot in Figure 3 . The influence of mask absorber material was also studied in conjunction with the feature depth. Figure 4 shows the results of these experiments. brighter than the unassisted case at the center of the contact Using the optimized main feature pitch and N=5 assist features, varying their depth from λ/4n to λ/n in increments of λ/4n, a best case intensity enhancement of 42.6% was achieved over the standard unassisted mask with a Cr 2 O 3 absorber. This enhancement occurs at an EWAF depth of λ/n. Similarly, a 42% nearfield intensity enhancement was achieved using CrN as a mask absorber material, coinciding with an EWAF depth of λ/n. The standard Cr absorber used for initial investigation showed a best case enhancement of 28.4 % at 3λ/4n EWAF depth. Given the large intensity enhancement for Cr 2 O 3 , this material was selected for further experiments in the far field. 
Far-Field Enhancement
Far field enhancement due to EWAF features was simulated using a dry 193 nm exposure tool with an NA of 0.93 and reduction ratio of 4X. Conventional illumination with a σ of 0.3 was used in combination with unpolarized, radial, and azimuthal input polarization. As mentioned in the previous section, the best case Cr 2 O 3 absorber mask with 45 nm (1X) contacts, main feature pitch of 215 nm (1X), and N=5 assist features was used as input for the far-field simulations.
Comparison of Diffracted Orders
In order to characterize the effect of the assist features in the far field, the diffracted orders were compared between cases of varying EWAF depth. The results are summarized in Figure 5 . Figure 5a shows that as EWAFs are added and depth is increased, 0 th order magnitude under TE polarization reduces by approximately 30% from the case of no EWAFs to the best case depth of λ/n. The ±1 st and ±2 nd orders also increase by approximately 20%. In Figure 5b , which is TM polarized, as EWAF depth is increased to the optimal λ/n, the ±1 st and ±2 nd orders also undergo a similar improvement. 
Far field Aerial Image
Two dimensional aerial images for the cases simulated previously are shown in Figure 6 . As expected from the analysis, images appear "darker" due to the loss of 0 th order intensity caused by the addition of EWAFs. The cutline indicated in the unassisted aerial image of Figure 6 is used to gain a more meaningful understanding of the effects on aerial image in the far field. Figure 7 shows the aerial image comparison for unpolarized illumination. In order to remove the effects of the reduction in 0 th order and better visualize the effects of the increase in 1 st order, the data has been normalized to the intensity at contact center. The addition of the assist features in this case results in a contrast enhancement of 27% between the unassisted case and the case where λ/n depth EWAFs are used.
The experiment was repeated using radially and azimuthally polarized illumination. The use of radial polarization results in a lower contrast enhancement of 8% between unassisted and optimized EWAFs on reticle. Azimuthal illumination results in an unusual effect, whereby sidelobe-type artifacts are evident in the aerial image. In this case, contrast enhancements are difficult to quantify, since the formation of the lobes are undesired and magnified by the EWAFs. The results of the studies using radial and azimuthal polarization can be seen in Figure 8 and Figure 9 . 
CONCLUSION
We have extended our investigation of Evanescent Wave Assist Features (EWAFs) to include both the near and far-field. In the near-field region, the technique primarily causes an increase in intensity in the center of an aperture surrounded by the assist features. Using TEMPEST pr2 7 , we have modeled several different combinations of mask materials, number of assist features, assist feature depths, and main feature pitches. We report a best case enhancement in the near field intensity of 42.6% for the case of a 45nm (1X) contact at 215nm (1X) pitch using 5 EWAFs and Cr 2 O 3 absorber material. A similar enhancement was also observed using CrN as an absorber (42% I gain). Far -field enhancement was simulated using a 0.93NA, 0.3σ (conventional) configuration. In the far-field region, we report a contrast enhancement of up to 20% using unpolarized light in conjunction with Cr 2 O 3 mask absorber material.
